Alteration of epidermal growth factor receptor (EGFR) is involved in various human cancers and has been intensively investigated. A plethora of evidence demonstrates that posttranslational modifications of EGFR play a pivotal role in controlling its function and metabolism. Here, we show that EGFR can be acetylated by CREB binding protein (CBP) acetyltransferase. Interestingly, EGFR acetylation affects its tyrosine phosphorylation, which may contribute to cancer cell resistance to histone deacetylase inhibitors (HDACIs). Since there is an increasing interest in using HDACIs to treat various cancers in the clinic, our current study provides insights and rationale for selecting effective therapeutic regimen. Consistent with the previous reports, we also show that HDACI combined with EGFR inhibitors achieves better therapeutic outcomes and provides a molecular rationale for the enhanced effect of combination therapy. Our results unveil a critical role of EGFR acetylation that regulates EGFR function, which may have an important clinical implication.
Introduction
EGFR, an essential mediator for various growth factors, plays a pivotal role in regulating multiple signaling pathways, cell proliferation, cell cycle, and cell migration [1;2] . Posttranslational modifications of EGFR such as phosphorylation, ubiquitination, and neddylation confer EGFR a multipotent player and arbitrate the fate of EGFR in mediating signal transduction, shuttling to different subcellular locations, or committing to degradation in cellular processes [3;4;5] . Upon ligand binding, such as epidermal growth factor (EGF), EGFR forms a dimer and activates several downstream signal pathways to promote cell growth [6;7;8] . At the same time, EGFR itself needs to be tightly regulated through a variety of posttranslational modifications, and then subjected to recycle, degradation, or nuclear localization [4;5] . However, little is known about whether EGFR is dynamically regulated prior to ligand stimulation. As EGFR is a critical surface molecule responsible for pathological abnormities of cellular function as well as many diseases and cancers, dissecting the early stage regulation of EGFR would likely provide important information for tackling EGFR-associated life-threatening diseases.
Most recently, a growing number of non-histone protein acetylation has been reported to play critical roles in cellular processes alongside the phosphorylation and ubiquitination of affected proteins [9;10] , suggesting that regulation of protein acetylation may be useful for therapeutic settings [9;11;12;13;14;15] . While histone deacetylase inhibitors (HDACIs) have shown promising signs for treating various cancers, the detailed mechanism by which HDACIs act on and the subset of cancers that benefit the most from HDACI regimen are not completely understood. These issues need to be further addressed in order to effectively and safely treat patients in clinical settings.
Since EGFR is a common target for anticancer therapy, a combination of HDACI and EGFR inhibitor or other receptor tyrosine kinase inhibitors (TKI) was proposed for cancer therapy. The initial results were encouraging and a synergistic effect was reported [16;17] . However, the molecular mechanism that contributes to the synergistic effect is not completely understood. Interestingly, a report showed that trichostatin A (TSA), an HDACI, induces EGFR phosphorylation in a dose-and time-dependent manner in ovarian cancer cells [18] . More recently, EGFR is shown to acetylated at lysine 1155, 1158, and 1164 sites, and the acetylation affected its endocytosis in endothelial cells [19] , and HDAC6 was reported to regulate EGFR turnover [20;21;22] . Collectively, these observations raised an interesting question of whether EGFR acetylation is related to phosphorylation which could therefore contribute to synergistic effect by combination treatment of TKI and HDACI.
Here, we report that acetylation of EGFR is linked to enhanced-EGFR function. Specifically, we observed that suberoylanilide hydroxamic acid (SAHA) has an adverse effect in the treatment of a subset of EGFR-expressing cancers such as breast cancer. Our study further suggests that elevated EGFR acetylation by SAHA may contribute to enhanced EGFR phosphorylation. Since SAHA has been used as an anti-cancer drug and accounts for over 50% of the existing clinical trials that are associated with HDACI, our observations provide an insight of potential adverse effect of SAHA derived from EGFR acetylation in cancer treatment. For high EGFR-expressing cancers, it may be critical to include TKI while using SAHA to treat these cancers. Taken together, our finding unveils a critical role of EGFR acetylation, which may have an important clinical implication.
Materials and Methods

Cell lines and antibodies
HEK293, MCF7, A431, MDA-MB-453, and MDA-MB-468 cell lines were obtained from ATCC and cultured according to ATCC's instructions. Antibodies were purchased from companies as follows: polyclonal anti-acetyl-lysine (Upstate, Billerica, MA; CalBiochem, Gibbstown, NJ; Immunechem, Burnaby British Columbia, Canada) anti-phosho-Erk, antiErk, anti-phospho-Akt, anti-Akt, anti-phospho-Stat3, and anti-Stat3 (Cell Signaling, Danvers, MA); anti-EFGR (Santa Cruz Biotechnology, Santa Cruz, CA); monoclonal anti-EGFR (NeoMarkers, Fremont, CA); anti-p300, anti-CBP, anti-PCAF and CBP siRNA, and p300 siRNA (Santa Cruz); anti-phospho-tyrosine (4G10, Upstate); TrueBlot HRP-labeled anti-rabbit IgG (eBioscience, San Diego, CA).
Immunoprecipitation and immunoblot
For detecting EGFR acetylation, the cells were lysed in RIPA buffer containing 3 mM PMSF, 3 mM Na 3 VO 4 , 3 mM NaF, 5 mM sodium butyrate, and 20 µM TSA. TSA and sodium butyrate are essential for inhibiting HDACs from deacetylating EGFR. For immunoprecipitation, a total of 500 µg of cell lysate was used and diluted in 500µl of RIPA buffer with the corresponding antibodies. After addition of 2 µg EGFR (mouse monoclonal, NeoMarkers) antibody, the lysate was incubated with gentle rotation for 2 h at 4 °C, and then 80µl of protein-G beads added to the mixture and incubated for another 2 h. The protein complexes were resolved on 8% SDS-polyacrylamide gel and probed with antibodies as indicated. For immunoblot, a total of 20 µg of cell lysate was used.
Nano-HPLC-MS/MS spectrophotometry
A431 cells were treated with 2 µM TSA and 5 mM sodium butyrate for 24 h. Cells were lysed by RIPA buffer plus 20 mM Nicotinamide. 5 mg of cell lysate extracted from pretreated A431 cells were immunoprecipitated by using monoclonal anti-EGFR antibody (NeoMarkers) and resolved on 8% SDS-polyacrylamide gel. The detailed procedures were essentially the same as described above for immunoprecipitation. The separated gel bands were excised and subjected to trypsin for gel digestion, followed by nano-HPLC-MS/MS system analysis [23] .
Site-directed mutagenesis
Ultra-Blue site-directed mutagenesis kit was purchased from Stratagene (La Jolla, CA), and mutations were created according to the manufacturer's instructions. The 3KR-EGFR mutant was confirmed by DNA sequencing (MD Anderson Sequencing Core Facility).
Transfection and siRNA knockdown
Transfection of wild-type EGFR (wt-EGFR) or 3KR-EGFR or cotransfection with p300 or CBP, or PCAF was performed using liposomes. To compare the acetylation of 3KR-EGFR with wt-EGFR by CBP, HEK293 cells were cotransfected with either 2 µg wt-EGFR or 2 µg 3KR-EGFR with 7 µg CBP. After 48 h incubation, the cell lysates were subjected to immunoprecipitation analysis for EGFR acetylation. siRNA of EGFR, p300 or CBP (Santa Cruz) were transfected by electroporation as described in manufacturer's instructions (Lonza, Walkersville, MD).
Immunofluorescence assay
A431 cells were serum-starved and treated with EGF prior to collection. The cells were fixed with methanol and incubated with anti-CBP antibody for 30 min at room temperature. A FITC labeled anti-IgG antibody was used to probed CBP protein.
Cell viability assay
1 × 10 4 cells were seeded in a 96-well plate. The cells were cultured for 24 h and then treated with SAHA or TKIs (Erlotinib, Gefitinib, or Lapatinib) or different combinations as indicated for 72 h. After incubation, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to final 0.5 mg/ml and continued culturing for 2-4 h. Then 100 µl of β-isopropanol was added into each well to dissolve precipitated substrate. The absorbance was measured by a microplate reader (Bio-Rad, Hercules, CA).
In vivo mammary fat pad tumor cell injection 5 × 10 6 MDA-MB-468 cells were inoculated into the mammary fat pad of each mouse. The treatment was initiated when tumor size reached 100 mm 3 . SAHA (20mg/kg) and /or erlotinib (15mg/kg) were fed orally everyday until the control group reached maximal tumor size that was allowed by institutional guideline. The tumor size was measured twice per week. All animal handling procedures were performed in accordance with the institutional policies and regulations.
Statistical analysis
All data are described as mean ± standard derivation. Statistical analyses were performed by student's t-Test and ANOWA analysis. P<0.05 is considered as statistical significance.
Results
CBP acetylates EGFR at K684, K836, and K843
To determine if EGFR is acetylated, we performed a reciprocal immunoprecipitation and immunoblot analysis of endogenous EGFR extracted from A431 cells and demonstrated EGFR lysine acetylation by an antibody against acetyl-lysine (Fig. 1A) . This acetylation was enhanced in the presence of TSA (Fig. 1B) . In addition, acetylation of EGFR can be detected by using two other polyclonal antibodies against acetyl-lysine (data not shown). Next, to determine the specific acetylation sites, tandem mass spectrometry (MS/MS) analysis was performed [23] , and three sites, K684, K836, and K843, located within the intracellular domain of EGFR were identified ( Supplementary Figs. 1A , B, and C). We also found that EGFR acetylation was dramatically induced by co-transfection of wt-EGFR and CBP acetyltransferase but not others acetyltransferases such as p300 and PCAF ( Fig. 2A) . Acetylation of EGFR by CBP was blocked by siRNA against CBP but not p300 (Fig. 2B) . Although CBP is mainly a nuclear protein, it can translocate to the cytoplasm in response to interferon stimulation to acetylate INFαR2 [24] . Similarly, EGF also triggers CBP shuttling from the nucleus to the cytoplasm, which may be responsible for EGFR acetylation in response to ligand stimulation ( Fig. 2C and D) .
SAHA enhances EGFR acetylation that is associated with cancer cell resistance to HDACI
To determine the biological affects of EGFR acetylation, we tested several cancer cells lines in the presence of increasing concentrations of SAHA, a potent class I and II HDAC inhibitor. Presumably, since EGFR is acetylated by CBP, the addition of a deacetylase inhibitor would enhance its acetylation. We first determined the cell viability of A431, MDA-MB-468, and MDA-MB-453 cancer cell lines by MTT assay. As shown in Fig. 3A , both A431 and MDA-MD-468 cell lines were resistant to SAHA treatment even at a concentration of 10 µM. In contrast, cell viability of MDA-MB-453 breast carcinoma cells decreased with a concomitant increase in SAHA concentration. Interestingly, both cell lines (A431 and MDA-MB-468) that were resistant to SAHA are known to express high levels of EGFR whereas the sensitive cell line (MDA-MB-453) has low levels of EGFR expression (data not shown) [25] . When we knocked down EGFR by siRNA transfection, MDA-MB-468 cells became sensitive to SAHA treatment (Fig. 3B) while ectopically expressed wt-EGFR in MDA-MB-453 cells rendered them resistant to SAHA treatment (Fig. 3C) .
Nest, we asked whether the resistance to SAHA treatment is associated with increased EGFR acetylation. Indeed, A431 cells treated with SAHA but not nicotinamide, a class III HDAC inhibitor, demonstrated an increase in acetylation as shown by Western blot analysis using the acetyl-lysine antibody (Fig. 3D) . In addition, we found that EGFR phosphorylation also increased in the presence of SAHA. We quantitated the intensity of the bands and determined that SAHA increased both acetylation and phosphorylation of EGFR by about 2-fold ( Figure 3D, right) . We constructed an EGFR triple mutant (3KR-EGFR) containing arginine substitutions at K684, K836, and K843 acetylation sites that we identified from MS/MS analysis above and showed that the 3KR-EGFR mutant was more resistant to acetylation by CBP as compared with wt-EGFR ( Figure 3E ). In addition, we demonstrated that expression of wt-EGFR rendered the SAHA-sensitive MDA-MB-453 cells resistant to SAHA treatment which was likely caused by the acetylation-enhanced tyrosine phosphorylation of EGFR ( Figure 3D ), as combination treatment of SAHA and erlotinib, an EGFR tyrosine kinase inhibitor, could sensitize the EGFR-expressing cells ( Figure 3F) . Interestingly, The 3KR-EGFR mutant lost its ability to cause resistance to SAHA treatment ( Figure 3F) . Together, the increase in EGFR acetylation and phosphorylation under SAHA treatment suggests that EGFR phosphorylation might contribute to SAHA resistance, and therefore, also implying that an intrinsic link between elevated EGFR acetylation and cancer cell resistance to HDACI exists.
SAHA in combination with EGFR tyrosine inhibitors enhances therapeutic efficacy
EGFR inhibitors have been widely used for treating various cancer types, including lung and breast cancer. Since elevated EGFR phosphorylation by acetylation may be associated cancer cell resistance to HDACI, combing HDACI with EGFR tyrosine inhibitors may offset the adverse effect. In MDA-MB-468 breast cancer cell line, which is resistant to SAHA, we treated cells with SAHA in combination with erlotinib, gefitinib, or laptinib and showed that the combined treatment effectively inhibited cell growth in vitro compared with the individual agents (Fig. 4, A, B , and C, respectively). In an orthotopic breast cancer mouse model, MDA-MB-468 cells were injected into mammary fat pad of nude mice, when tumor size reached 100 mm3, mice were administered SAHA (concentration), erlotinib (concentration) or a combination of both (Fig. 4D) . The results showed that the combination of SAHA and TKI had the most inhibition of tumor growth compared with either agent alone.
Discussion
In this study, we indentified three acetylation sites in EGFR by MS/MS and found that CBP is able to acetylate EGFR. In addition, in response to EGF, CBP can shuttle from the nucleus into cytoplasm. It should be mentioned that MS/MS analysis in our study did not detect the lysine acetylation at 1155, 1158, and 1164 sites that were shown to be acetylated in endothelial cells recently [19] . The EGFR acetylation in the endothelial cells was involved in its endocytosis in that study. It is not yet clear the relationship between these two sets of acetylation sites that were identified in the epithelial and endothelial cells. It would also be of interest to determine whether they are caused by different acetyltransferases and/or due to different cell type. However, in either case, EGFR acetylation seems to play an important role in EGFR function.
HDACIs are an attractive group of anticancer agents and have been increasingly used in the clinic as anticancer drugs. Pre-clinical and clinical studies have demonstrated varied efficacies in cancer treatment. To date, EGFR has been considered as a common target for anti-cancer therapy and several FDA approved drugs including small molecule inhibitors and antibodies targeting EGFR have been used for anticancer therapy. However, single HDACI or EGFR inhibitor regimens only achieved minimal sufficient efficacy in cancer cell growth inhibition. Frequently, tumors develop resistance to both drugs within a short period of time. The combination of HDACI and TKIs has been proposed to tackle this pitfall [16;17] . Initial data suggest that the combination regimen achieved significantly better outcomes or even synergistic effect in some cases compared with single drug treatment, and different working mechanisms have been proposed [16;17;18;26] . However, several issues still remain elusive. For example, it is not known whether HDACI directly interacts with receptor tyrosine kinases and which function of HDACI plays a dominant role in this synergistic anticancer effect or if their interaction is through transcriptional and translational regulation or local protein complex interruption.
In our study, we demonstrated that the HDACI such as TSA and SAHA, which are potent class I and II HDACIs, enhanced EGFR acetylation and phosphorylation (Figs. 1B and 3D) . The universal inhibition of HDAC family proteins resulted in an increase of acetylation of many cellular proteins including EGFR. Recently, a study showed that TSA enhanced EGFR phosphorylation level in ovarian cancer cells in a dose-and time-dependent manner [18] . The observation of HDACI-enhanced EGFR activity raised an interesting and clinically important question whether HDACI treatment alone may promote tumorigenesis or malignancy through EGFR activation.
The recent discovery of non-histone proteins as acetylation substrates [9;23;24;27;28] provides plausible evidence that protein acetylation may be critical for cellular processes and signal transduction [23;24;29] . This study not only opens up a new avenue to examine possible phosphorylation regulation of cell surface receptors by acetylation but also has an important clinical implication, predicting that EGFR-expressing cancer cells may be resistant to single HDACI treatment due to acetylation-enhanced EGFR tyrosine phosphorylation.
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